Recent studies have identified an especially important role for basal forebrain GABAergic (BF VGAT ) neurons in the regulation of behavioral waking and fast cortical rhythms associated with cognition. However, BF VGAT neurons comprise several neurochemically and anatomically distinct subpopulations, including parvalbumin-containing BF VGAT neurons and somatostatin-containing BF VGAT neurons (BF SOM neurons), and it was recently reported that optogenetic activation of BF SOM neurons increases the probability of a wakefulness to non-rapid-eye movement (NREM) sleep transition when stimulated during the rest period of the animal. This finding was unexpected given that most BF SOM neurons are not NREM sleep active and that central administration of the synthetic somatostatin analog, octreotide, suppresses NREM sleep or increases REM sleep. Here we used a combination of genetically driven chemogenetic and optogenetic activation, chemogenetic inhibition, and ablation approaches to further explore the in vivo role of BF SOM neurons in arousal control. Our findings indicate that acute activation or inhibition of BF SOM neurons is neither wakefulness nor NREM sleep promoting and is without significant effect on the EEG, and that chronic loss of these neurons is without effect on total 24 h sleep amounts, although a small but significant increase in waking was observed in the lesioned mice during the early active period. Our in vitro cell recordings further reveal electrophysiological heterogeneity in BF SOM neurons, specifically suggesting at least two distinct subpopulations. Together, our data support the more nuanced view that BF SOM neurons are electrically heterogeneous and are not NREM sleep or wake promoting per se, but may exert, in particular during the early active period, a modest inhibitory influence on arousal circuitry.
Introduction
An important, if indispensable, role for the cellular basal forebrain (BF) in behavioral and electrocortical arousal has been previously established, in particular for BF GABAergic (BF VGAT ) neurons (Buzsaki et al., 1988; Kim et al., 2015; Xu et al., 2015) . For example, acute che-mogenetic and optogenetic activation of BF VGAT neurons, including those containing the calcium binding protein parvalbumin (Parv ϩ ), rapidly induces behavioral waking and fast cortical rhythms associated with cognition Kim et al., 2015; Xu et al., 2015) . By contrast, acute chemogenetic inhibition of BF VGAT neurons during the early subjective night (active period) increases non-rapid-eye movement (NREM) sleep and cortical slow-wave activity . Hence, BF VGAT neurons appear to be both sufficient and necessary for normal behavioral and EEG wakefulness (W). However, the BF contains several neurochemically and anatomically distinct subpopulations of BF VGAT neurons beyond Parv ϩ , including a population of BF VGAT neurons that contain the neuropeptide somatostatin (BF SOM ; Yang et al., 2017) . Interestingly, BF SOM and BF Parv neurons derive from the same embryonic progenitors, raising the possibility that BF SOM neurons may contribute to the wakepromoting and EEG-activating responses seen following the activation of BF Parv neurons (Hu et al., 2013) . This possibility, however, seems unlikely given findings from a recent study that showed that optogenetic stimulation of BF SOM neurons increased the probability of a wakefulness to NREM sleep transition, and not a NREM to wakefulness transition, during the normal rest period of the animal (Xu et al., 2015) . Yet it remains a challenge to reconcile a NREM sleep-promoting role for BF SOM neurons given that the majority of BF SOM neurons are not NREM sleep active (Xu et al., 2015) and that the administration of octreotide, a synthetic SOM analog, was found to either suppress NREM sleep or increase rapid-eye movement (REM) sleep in rats (Hajdu et al., 2003; Ziegenbein et al., 2004) and impairs deep sleep in humans (Ziegenbein et al., 2004) . Moreover, a role for BF SOM neurons in feeding and anxiety, both of which are wakingrelated behaviors, has been described recently (Zhu et al., 2017) . Perhaps most importantly, key evidence for a sleep-or wakepromoting role for BF SOM neurons, taking the form of a loss of function (acute inhibition or chronic loss) experiments, is lacking.
Hence, and building upon on prior experimental work that established a key regulatory role for BF VGAT neurons in neurobehavioral and electrocortical arousal , we used a combination of genetically driven chemogenetic and optogenetic activation, chemogenetic inhibition, and ablation approaches to more definitively assess the in vivo role of BF SOM neurons, as a genetically defined subgroup of BF VGAT neurons (Yang et al., 2017) , in sleep-wake regulation.
Materials and Methods
Animals. Adult male and female SOM-ires-Cre mice (age, 8 -12 weeks; weight, 20 -25 g; n ϭ 42 in vivo; n ϭ 11 in vitro), obtained from The Jackson Laboratory, were used in this study. The SOM-ires-Cre (or Sst-IRES-Cre knock-in allele) has an internal ribosome entry site and Cre recombinase in the 3Ј UTR of the somatostatin locus (Sst). These mice have been used and histologically validated in a previous study (Xu et al., 2015) . All mice were bred at our animal facility and underwent genotyping both before and after experiments, and all procedures were approved by the Institutional Animal Care and Use Committee of Beth Israel Deaconess Medical Center.
Surgery. Mice were anesthetized with ketamine/xylazine (100 and 10 mg/kg, i.p., respectively) and then placed in a stereotaxic apparatus. To selectively express the hM3Dq receptors in GABAergic somatostatinexpressing (SOM ϩ ) neurons of the BF (diagonal band, magnocellular preoptic nucleus, and ventral regions of the substantia innominata and ventral pallidum), we placed bilateral injections of an adeno-associated viral (AAV; serotype 10) vector expressing the hM3Dq receptor in a credependent configuration [hSyn-DIO-hM3Dq-mCherry-AAV (hM3Dq-AAV)] into the BF [coordinates: anteroposterior (AP) ϭ ϩ0.02 mm; lateral (L) ϭ Ϯ1.45 mm; dorsoventral (DV) ϭ Ϫ4.80 mm (as per the mouse atlas of Paxinos and Franklin, 2001 )] of homozygous SOM-ires-Cre (BF , n ϭ 8). To selectively express the hM4Di receptors in SOM ϩ neurons of the magnocellular BF, we placed bilateral injections of an AAV (serotype 10) vector expressing the hM4Di receptor in a cre-dependent configuration [hSyn-DIO-hM4Di-mCherry-AAV (hM4Di-AAV)] into the BF of heterozygous SOM-ires-Cre, lox-L10GFP (BF , n ϭ 5) mice. To selectively kill SOM ϩ neurons of the magnocellular BF, we placed bilateral injections of an AAV (serotype 10) vector expressing the diphtheria toxin subunit A (DTA) in a cre-dependent configuration [hSyn-DIO-DTAmCherry-AAV (DTA-AAV)] into the BF of heterozygous SOM-ires-Cre, lox-L10GFP (BF SOM-DTA , n ϭ 11) mice. A vector injection control [hSyn-DIO-mCherry-AAV (mCherry-AAV)] was placed into the BF of littermate heterozygous SOM-ires-Cre, lox-L10GFP mice (BF SOM-mCherry , n ϭ 5). Injections of hM3Dq-AAV, hM4Di-AAV, or DTA-AAV (60 nl) into the BF of these mice were performed using a compressed air delivery system as described previously . The scalp wound was closed with surgical sutures, and the mouse was kept in a warm environment until resuming normal activity, as described previously. In a separate surgery taking place at least 2 weeks after brain injection, mice were implanted with four EEG screw electrodes (two frontal and two parietal electrodes; catalog #8403, Pinnacle Technology) and two flexible electromyogram (EMG) wire electrodes (catalog #E363/76/SPC, Plastics One) previously soldered to a six-pin connector (catalog #853-43-006-10-001000, Heilind Electronics), and the assembly was secured with dental cement (Anaclet et al., 2014) . The frontal electrodes were positioned 1 mm frontal and 1 mm lateral of bregma, whereas the parietal electrodes were positioned 1 mm lateral from bregma and midway between bregma and lambda. For the in vivo optogenetic experiments, SOM-ires-Cre (BF SOM-ChR2 , n ϭ 11) and VGAT-ires-Cre (BF Vgat-ChR2 , n ϭ 2) mice were stereotaxically injected with 60 nl of AAV8-FLEX-EF1␣-channelrhodopsin-2 (ChR2)-mCherry [bilateral: (AP) ϭ ϩ0.02 mm; lateral (L) ϭ Ϯ1.45 mm; dorsoventral (DV) ϭ Ϫ4.80 mm (as per the mouse atlas of Paxinos and Franklin, 2001) ], and optical fibers [200 m, 0.39 numerical aperture (NA)] were implanted so that the fiber tip targeted a region 0.2 mm dorsal to the injection site (bilateral: (AP) ϭ ϩ0.02 mm; lateral (L) ϭ Ϯ1.45 mm; dorsoventral (DV) ϭ Ϫ4.40 mm). Of the 11 BF SOM-ChR2 mice, we excluded 4 mice, based upon histology, that showed caudal placement of fiber/injection. Our final analysis, therefore, includes 7 BF SOM-ChR2 mice that had good bilateral placement of the optical fibers and ChR2 expression within the BF. All mice were equipped with a headset for recording EEG/EMG, as previously described for chemogenetic experiments. Optical fibers and headset were secured in place first with a mixture of dental cement and cyanoacrylate glue to affix the hardware to the skull and second with dental cement alone to build a stable headcap and provide electrical insulation for the EEG/EMG headset.
Sleep-wake monitoring-chemogenetics. Two weeks after EEG/EMG implantation, the mice were housed individually in transparent barrels in an insulated sound-proofed recording chamber maintained at an ambient temperature of 22 Ϯ 1°C and on a 12 h light/dark cycle [lights on at 7:00 A.M.; or zeitgeber time 0 (ZT0)] with food and water available ad libitum. Mice were habituated to the recording cable for 5-7 d before starting a polygraphic recording. Cortical EEG (ipsilateral frontoparietal leads) and EMG signals were amplified and digitalized with a resolution of 500 Hz using VitalRecorder software (Kissei). BF SOM-DTA and BF SOM-mCherry control mice were subjected to 48 h of baseline recording. (BF and BF SOM-hM4Di mice were recorded for a 24 h baseline period followed by injections of clozapine-N-oxide (CNO; 0.3 and 0.9 mg/kg in saline, i.p.; Sigma-Aldrich) injections at 10:00 A.M. (or ZT3; light period, time of high sleeping drive) and 7:00 P.M. (or ZT12; lights-off, time of high activity). As control injections, mice were injected with saline at 10:00 A.M. and 7:00 P.M. CNO and saline injections were performed in a random sequence and separated by a 3-5 d washout period. The injections were performed using a crossover design. Data were scored off-line using SleepSign for Animals software (Kissei).
Sleep-wake monitoring-optogenetics. At least 2 weeks following optical fiber/EEG implant surgeries, mice were habituated to the recording chamber and recording equipment (electrical cables plus bilateral optical patch cables; 200 m, 0.39 NA) for 5 d before commencing the experi-ment. A 473 nm blue light (LASERGLOW Technologies) was used to activate ChR2 in BF neurons with an estimated power output at the tip of the optical fiber of 12-15 mW. The stimulation paradigm consisted of 10 ms light pulses, delivered at a frequency of 2.5 or 10 Hz continuously, for 1 min every 10 min for a 3 h window during the light period (between 9:00 A.M. and 3:00 P.M.). Stimulations were controlled using the digital output of a Micro 1401-3 data acquisition unit and Spike version 2.08 software (Cambridge Electronic Design). Mice were given 1 d of recovery between each stimulation frequency. The electrical signal from the EEG/ EMG headset was amplified by 20,000 using an AM Systems Model 3500 amplifier and digitized at 500 Hz using the Micro 1401-3 unit. Data were scored off-line using Spike version 2.08 software.
hM3Dq/hM4Di-AAV and clozapine-N-oxide. For the in vivo and in vitro studies, we used evolved G-protein-coupled muscarinic receptors (hM3Dq and hM4Di) that are selectively activated by the pharmacologically inert drug CNO. This system was first developed and described by the Roth laboratory (Alexander et al., 2009 ). In our studies, cre-dependent versions of the hM3Dq and hM4Di receptors were packaged into an AAV to facilitate the stereotaxic-based delivery and regionally restricted expression of hM3Dq and hM4Di. As demonstrated previously by our laboratory (Anaclet et al., 2014 (Anaclet et al., , 2018 Venner et al., 2016; Pedersen et al., 2017) and others, both the hM3Dq/hM4Di receptors and ligand are biologically inert in the absence of ligand. Moreover, at the administered dose of 0.3 mg/kg, CNO injection (1) does not affect sleep-wake quantity or quality in wild-type control mice and (2) induces a maximum effect during the 1-3 h postinjection period (Anaclet et al., 2014 (Anaclet et al., , 2018 . We are therefore confident that the sleep-wake effects described in our studies result from specific activation or inhibition of the targeted neuronal population and not from a nonspecific effect of CNO or its metabolite clozapine (Gomez et al., 2017) .
Sleep scoring and analysis. Using SleepSign for Animal (Kissei) and with the assistance of spectral analysis using fast Fourier transform (FFT), polygraphic records were visually scored by 10 s epochs for W, NREM sleep, and REM sleep. The percentage of time spent in W, NREM sleep, and REM sleep, as well as the number and the average durations of the episode were summarized for each group and each condition. The latency to NREM sleep and REM sleep are defined as the time between the end of the injection and the onset of the first NREM sleep episode lasting Ͼ20 s and the first REM sleep episode lasting Ͼ10 s.
Recordings were scored again in 5 s epochs to allow for the performance of an EEG power spectrum analysis, during the 3 h postinjection, when the effect of CNO is at its maximum (Anaclet et al., 2014 . On the basis of visual and spectral analysis, epochs containing artifacts occurring during active wakefulness (with large movements) or containing two vigilance states were visually identified and omitted from the spectral analysis. Recordings containing wake artifact during Ͼ20% of the time were removed from the spectral analysis. EEG power spectra were computed for consecutive 5 s epochs within the frequency range of 0.5-120 Hz using an FFT routine. The data were collapsed into 0.5 Hz bins. The data were standardized by either expressing each frequency bin as a percentage relative to the total power (e.g., bin power/total power: 0.5/120 Hz) of the same epochs; or expressing each frequency bin as a percentage relative to the same bin in baseline condition from the same mouse and from the same time of the day (same zeitgeber time). To analyze the EEG frequency bands, relative power bins were summed in delta (␦, 0.5-5 Hz), theta (, 5-9 Hz), sigma (, 9 -15 Hz), beta (␤, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , low gamma (l␥, , and high gamma (h␥, .
The individuals performing the saline/CNO injections and sleep-wake analysis were blinded to the initial immunohistochemical assessment of the injection sites.
Statistical analysis. Statistical analysis was performed using Prism version 6 (GraphPad Software). Following confirmation that the data met the assumptions of the ANOVA model, a two-way ANOVA followed by a post hoc Bonferroni test were used to compare the effects of the genotype or the drug injection on sleep-wake parameters. One-way ANOVA was used to analyze the latency to NREM sleep or REM sleep. Sample size and power calculations were performed post hoc at http://www.biomath. info, using means and SDs derived from our analysis. The present study was sufficiently powered to detect effect sizes.
Immunohistochemistry. Animals received CNO (0.3 mg/kg, i.p., at 10:00 A.M.) and were killed 2 h later by deep anesthesia with 200 mg/kg chloral hydrate, followed by transcardial perfusion with 20 ml of saline, followed by 100 ml of neutral phosphate-buffered formalin (4%; Thermo Fisher Scientific). Brains were removed, incubated in 20% sucrose at 4°C until they sank, and then sectioned at 40 m on a freezing microtome in three series. For all c-Fos and DsRed immunohistochemical staining that involved visualization using a diaminobenzidine reaction, the sections were incubated overnight with primary antiserum (c-Fos, 1:20,000; DsRed, 1:10,000) and then incubated in the respective secondary antibodies for 2 h, followed by incubation in ABC reagents (1:1000; Vector Laboratories) for 90 min, then washed again and incubated in a 0.06% solution of 3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich) or 0.06% solution of 3,3-diaminobenzidine tetrahydrochloride and 0.05% CoCl 2 and 0.01% NiSO 4 (NH4) in PBS plus 0.02% H 2 O 2 for 5 min. Finally, the sections were mounted on slides, dehydrated, cleared, and coverslipped. Sections for immunofluorescence staining were incubated in fluorescent-labeled secondary antibody (Ab) for 2 h and coverslipped with DAPI-infused fluorescence mounting media.
Antibody characterization. The rabbit polyclonal Fos antibody was raised against a synthetic peptide including residues 4 -17 from human c-Fos (rabbit polyclonal Ab; catalog #Ab5, Oncogene Sciences; note that this Ab is no longer commercially available). This antibody stained a single band of 55 kDa on Western blots from rat brain (technical information from manufacturer). c-Fos staining with the Ab5 antiserum is found in many CNS structures only when neurons within these structures have recently been physiologically stimulated.
The rabbit polyclonal antibody against mCherry was raised against DsRed (catalog #632496, Clontech), and the specificity of immunostaining for DsRed was indicated by the lack of detectable immunostaining in uninjected mice.
For all secondary antibody immunohistochemical controls, the primary antibodies were omitted and the tissue showed no immunoreactivity above background. Secondary antibodies included the following: donkey anti-rabbit Alexa Fluor 546 (1:500; Invitrogen) and donkey antirabbit biotinylated (1:500; Invitrogen).
Packaging of AAVs. We used the pAAV-hSyn-DIO-hM3D-mCherry and pAAV-hSyn-DIO-hM4D-mCherry plasmids (gift from B. Roth, UNC Chapel Hill, North Carolina) to provide the Cre-dependent hM3D transgene for packaging into AAV2/10. Packaging was performed using a standard triple-transfection protocol to generate helper virus-free pseudotyped AAV2/10 virus . An AAV 2/10 rep/cap plasmid provided AAV2 replicase and AAV10 capsid functions (Gao et al., 2002; De et al., 2006) , while adenoviral helper functions were supplied by the pHelper plasmid (Stratagene). Briefly, AAV-293 cells were transfected via calcium phosphate precipitation with 1.33 pmol pHelper, and 1.15 pmol each of AAV2/10 and an AAV vector plasmid (double floxed). The cells were harvested 72 h later, and the pellets were resuspended in DMEM, freeze-thawed three times and centrifuged to produce a clarified viral lysate. The vector stocks were titered by real-time PCR using an Eppendorf Realplex machine as previously described (Gao et al., 2002) . The titer of the preparations ranged from ϳ1 ϫ 1012 to 1 ϫ 1013 vector genomes copies/ml. Before initiating the in vivo experiments, an absolute requirement for Cre-enabled expression of hM3Dq and hM4Di was confirmed in vitro using 293 cre cells.
Packaging of DTA-AAV. Drs. P. Fuller (BIDMC), O. Malyshevskaya and M. Lazarus (Tsukuba University) developed a new and enhanced version of our previously published DTA (Kaur et al., 2013) , which was used in the current study. For the pAAV-FLEX-DTA plasmid, a FLEX-DTA cassette that consists of (5Ј to 3Ј) a lox2272 site, an mCherry coding sequence, a human growth hormone polyadenylation signal sequence, a loxP site, an inverted DTA sequence, and inverted lox2272 and loxP sites was synthesized by Eurofins Genomics K.K. and inserted between the ClaI and BamH I restriction sites in a pAAV-MCS vector (Stratagene). In this design, mCherry was expressed in all non-cre-recombinase cells within the injection field, thereby allowing us to ascertain (1) the anatomic extent of the injection and (2) "survival" of the non-crerecombinase cells intermingled with the cre-recombinase cells targeted by DTA. See Figure 5B for construct (CMV-␤-globin-DIO-mCherry-DTA-hGH pA) details. AAV of serotype rh10 for AAV-FLEX-DTA were generated by tripartite transfection (AAV-rep2/caprh10 expression plasmid, adenovirus helper plasmid, and pAAV plasmid) into 293A cells. After 3 d, the 293A cells were resuspended in artificial CSF (ACSF), freeze thawed four times, and treated with Benzonase nuclease (Millipore) to degrade all forms of nonviral DNA and RNA. Subsequently, the cell debris were removed by centrifugation, and the virus titer in the supernatant was determined with an AAVpro Titration Kit for Real Time PCR (Takara).
Whole-cell in vitro experiments. Bilateral injections (120 nl) of DIOhM3Dq-mCherry-AAV, DIO-hM4Di-mCherry-AAV or DIO-mCherry-AAV were placed into the BF of SOM-Cre mice (n ϭ 11 mice). Five to 6 weeks after AAV injections, the mice were used for in vitro electrophysiological recordings. Mice were deeply anesthetized with isoflurane (inhalation; 5% in oxygen) and transcardially perfused with ice-cold cutting ACSF [N-methyl-D-glucamine (NMDG)-based solution] containing the following (in mM): 100 NMDG, 2.5 KCl, 1.24 NaH 2 PO 4 , 30 NaHCO 3 , 25 glucose, 20 HEPES, 2 thiourea, 5 Na-L-ascorbate, 3 Na-pyruvate, 0.5 CaCl 2 , and 10 MgSO 4 , pH 7.3, with HCl when carbogenated with 95% O 2 and 5% CO 2 (310 -320 mOsm). Coronal slices (250 m thickness) were cut in ice-cold cutting ACSF using a vibrating microtome (VT1200S, Leica). Slices were first kept in cutting ACSF at 37°C for 5 min and then transferred in normal ACSF at 37°C. Slices were then allowed to gradually return to room temperature for an hour. Normal ACSF contained the following (in mM): 120 NaCl, 2.5 KCl, 1.3 MgCl 2 , 10 glucose, 26 NaHCO 3 , 1.24 NaH 2 PO 4 , 4 CaCl 2 , 2 thiourea, 1 Na-Lascorbate, and 3 Na-pyruvate, pH 7.4 when carbogenated with 95% O 2 and 5% CO 2 (310 -320 mOsm).
Slices containing the BF were recorded in oxygenated (95% O 2 , 5% CO 2 ) normal ACSF at room temperature. Recordings were conducted in whole-cell configuration and in current-clamp mode using a K-gluconatebased pipette solution containing the following (in mM): 120 K-Gluconate, 10 KCl, 3 MgCl2, 10 HEPES, 2.5 K-ATP, and 0.5 Na-GTP, pH 7.2 adjusted with KOH (280 mOsm). Biocytin (0.5%) was added to the pipette solution to fill and mark the recorded neurons. Recordings were conducted using a MultiClamp 700B Amplifier, a Digidata 1440A Digitizer Interface, and pClamp version 10 software (Molecular Devices). Neurons showing changes in input resistance Ͼ10% over time were excluded from the analysis. BF mCherry-labeled somatostatin neurons were visualized through a combination of fluorescence and infrared (IR)-differential interference contrast (DIC) video microscopy using a fixedstage upright microscope (BX51WI, Olympus America) equipped with a Nomarski water-immersion lens (40ϫ/0.8 NAW, Olympus) and IRsensitive CCD camera (ORCA-ER, Hamamatsu). Images were acquired in real time using a Matlab (MathWorks) script.
Recording data were analyzed using Clampfit version 10 (Molecular Devices). Firing frequencies and membrane potentials were analyzed using MiniAnalysis (Synaptosoft) and Matlab (MathWorks). Data were represented as the mean Ϯ SEM; n indicates number of cells per group.
Group means were compared using paired t tests. The effects of CNO on firing frequency and membrane potential were analyzed by comparing 5 min of recordings just before CNO applications (control period) and during the last 5 min of a 10 min CNO application. Figures were generated using Photoshop (Adobe), Igor Pro version 6 (WaveMetrics) and Prism 7 (GraphPad).
Immediately following the in vitro recordings, recorded slices were fixed in 10% buffered formalin (overnight), then washed and incubated in streptavidin-conjugated Alexa Fluor 405 (1:500, 24 h; Invitrogen). Images were acquired using a confocal microscope (LSM 5 Pascal, Zeiss) and a slide scanner (VS120, Olympus).
Results
In vitro BF SOM activation and inhibition Whole-cell current-clamp recordings in the BF revealed two populations of somatostatin-expressing (BF SOM ) neurons with distinct firing properties (Fig. 1A-C) . One population had large low-threshold spikes (LTSs) that supported burst firing when neurons were depolarized from hyperpolarized potentials (17 of 29 recorded neurons; Fig. 1B ), while the second population showed tonic firing and no LTSs (12 of 29 recorded neurons; Fig.  1C ). The hyperpolarization-activated cation current (I h ) was present in the majority of BF SOM neurons (25 of 29 neurons). Both subtypes of BF SOM neurons were capable of expressing hM3Dq (BF SOM-hM3Dq-mCherry ) or hM4Di (BF SOM-hM4Di-mCherry ) receptors following injections of DIO-hM3Dq-mCherry-AAV and DIO-hM4Di-mCherry-AAV in SOM-ires-Cre mice and responded to bath application of CNO (0.5-1 M). We tested the response to CNO in 18 BF SOM neurons. CNO increased the firing frequency of BF SOM-hM3Dq-mCherry neurons (control, 0.47 Ϯ 0.25 Hz; CNO, 1.81 Ϯ 0.66 Hz; n ϭ 6; p ϭ 0.0284, paired t test; Fig.  1D -G), and this effect was accompanied by a membrane depolarization (control, Ϫ44.31 Ϯ 2.02 mV; CNO, Ϫ39.26 Ϯ 1.10 mV; n ϭ 6; p ϭ 0.0018, paired t test). Both firing frequency and membrane potential returned to control levels after 15 min of CNO washout. CNO decreased the firing frequency of BF SOM-hM4Di-mCherry neurons (control: 0.31 Ϯ 0.12 Hz; CNO: 0.04 Ϯ 0.02 Hz; n ϭ 6; p ϭ 0.0199, paired t test; Fig. 1H -K ) and hyperpolarized their membrane potential (control, Ϫ45.52 Ϯ 1.00 mV; CNO, Ϫ49.61 Ϯ 0.90 mV; n ϭ 6; p ϭ 0.0001, paired t test). Both effects were reversed after 15 min washout. CNO had no effect on BF SOM-mCherry neurons that lacked hM3Dq or hM4Di receptors and only expressed mCherry following injections of DIO-mCherry-AAV (control injections; Fig. 1L-O) . No changes of firing frequency (control, 0.19 Ϯ 0.08 Hz; CNO, 0.21 Ϯ 0.10 Hz; n ϭ 6; p ϭ 0.1873, paired t test) or in membrane potential (control, Ϫ40.94 Ϯ 1.97 mV; CNO, Ϫ40.90 Ϯ 2.14 mV; n ϭ 6; p ϭ 0.4645, paired t test) in response to CNO (1 M) were observed in BF SOM-mCherry neurons, confirming that CNOmediated activation or inhibition of BF SOM neurons occurs only in neurons expressing hM3Dq and hM4Di receptors.
In vivo BF
SOM chemogenetic activation Following bilateral injections of hM3Dq-AAV, transduced somata (hM3Dq ϩ ) were consistently observed in the horizontal limb of the diagonal band, magnocellular preoptic area, and substantia innominata and spanned, rostrally caudally, from bregma ϩ0.26 to Ϫ0.82 (Figs. 1 P, Q, 2A) . As we have shown previously (Anaclet et al., 2014) , the administration of CNO (the hM3Dq ligand; 0.3 mg/kg, i.p.) consistently produced robust c-Fos expression in hM3Dq ϩ neurons (Fig. 2B) . To test the putative sleeppromoting action of BF SOM neurons in vivo, BF SOM-hM3Dq mice (n ϭ 8) received injection of CNO (0.3 or 0.9 mg/kg) at the beginning of the dark period, a time of high waking drive in mouse (Fig. 2C) . CNO dosage had no effect on NREM sleep (one-way ANOVA, F (1.89,13.22) ϭ 0.32, p ϭ 0.72) or REM sleep (one-way ANOVA, F (1.26,8.84) ϭ 0.45, p ϭ 0.56) latency, suggesting that the activation of BF SOM neurons does not affect sleep onset. CNO dosage had no effect on the hourly amount of NREM sleep (twoway ANOVA, F (2,14) ϭ 0.83, p ϭ 0.45) or REM sleep (two-way ANOVA, F (2,14) ϭ 1.43, p ϭ 0.27) amount, suggesting that the activation of BF SOM neurons does not affect sleep behavior. Cortical EEG power spectral analysis during the 3 h postinjection confirmed that the CNO dosage did not affect frequency distribution during the three vigilance stages (Fig. 2D) , indicating no major influence of BF SOM neurons on cortical activity. Power was, however, reduced during NREM sleep following CNO administration (low CNO dose, 88.5 Ϯ 1.8%; high CNO dose, 89.2 Ϯ 2.2% vs 97.0 Ϯ 2.3% of baseline sigma power during NREM sleep; p ϭ 0.0008 and 0.002, respectively, Bonferroni's multiple-comparisons test), suggesting a possible decrease in spindle activity during NREM sleep. Sleep architecture during the 3 h postinjection bout number and duration was not affected by CNO dosage (Fig 2 E, F ) , and CNO administration (0.3 mg/kg, i.p.) during the light period did not affect NREM sleep (F (23,161) ϭ 1.36, p ϭ 0.14) or REM sleep (F (23,161) ϭ 1.10, p ϭ 0.35) hourly distribution, indicating a very modest influence of BF SOM neurons on sleep-wake regulation. Our findings therefore fail to confirm a wake-or sleep-promoting role for BF SOM neurons in vivo and, moreover, are inconsistent with those from a prior optogenetic study suggesting that BF SOM neurons are acutely sleep promoting in vivo (Xu et al., 2015) .
SOM chemogenetic inhibition Similar to the activation experiments, acute inhibition of BF SOM neurons had limited effects on sleep-wake quantity or quality in BF SOM-hM4Di mice (n ϭ 5; Fig. 3) . Specifically, the administration of CNO (0.3 or 0.9 mg/kg, i.p.) was without effect on NREM sleep (one-way ANOVA, F (1.32,5.28) ϭ 0.27, p ϭ 0.69) or REM sleep (one-way ANOVA, F (1.06,4.23) ϭ 0.39, p ϭ 0.58) latency (Fig.  3A2-A3 ), suggesting that inhibition of BF SOM neurons does not affect sleep onset. CNO dosage was also without effect on the hourly amount of wakefulness (two-way ANOVA, F (2,8) ϭ 3.76, p ϭ 0.07), suggesting that inhibition of BF SOM neurons did not affect waking behavior (Fig. 3A1) . Cortical EEG power spectral analysis during the 3 h postinjection period confirmed that CNO dosage did not affect frequency bands during wakefulness (twoway ANOVA, F (10,30) ϭ 1.60, p ϭ 0.15; Fig. 3B1 ), indicating that BF SOM neurons are not necessary for cortical activation. The higher dose of CNO (0.9 mg/kg) did, however, decrease sigma, beta, and low gamma power band compared with both control and low CNO (0.3 mg/kg) injections during NREM sleep (Fig. 3B2) , indicative of a decrease of spindle and fast activity during NREM sleep. Sleep architecture during the 3 h postinjection, bout number, and duration, was not affected by CNO dosage (Fig. 3C,D) confirming no major influence of BF SOM neurons on sleep-wake phenotype. These results suggest that BF SOM neurons are not necessary for sleep onset and maintenance, although the spectral results suggest that BF SOM neurons may facilitate the "dampening down" of cortical activity during sleep.
SOM optogenetic activation As chemogenetic activation of BF SOM neurons was ineffective at inducing changes in wakefulness or sleep, we next sought to determine whether activation of this population using an optogenetic strategy could induce a behavioral state transition. BF SOM-ChR2 mice (n ϭ 7; Fig. 4A-B2 ) received blue light pulses delivered through the optical fiber at frequencies close to the native firing frequency of these neurons in vivo (based upon the study by Xu et al., 2015; 10 ms pulses delivered at 2.5 Hz for 1 min; Figure 4C1 ) and at a previously investigated stimulus frequency (of 10 ms pulses delivered at 10 Hz for 1 min; Figure 4C2 ; Xu et al., 2015) once every 10 min for 3 h during the light period (between 9:00 A.M. and 3:00 P.M.). Consistent with our chemogenetic findings, optogenetic activation of BF SOM neurons did not increase the probability of a transition to NREM (or REM) sleep at either stimulation frequency tested. As a positive control for this stimulation, we similarly bilaterally stimulated BF VGAT-ChR2 neurons (n ϭ 2 mice; Fig. 4D ), which induced a robust increase in wakefulness at both 2.5 and 10 Hz. We therefore conclude that the activation of SOMcontaining neurons within the BF (confirmed using two complementary yet distinct approaches) does not acutely drive sleep or wakefulness in mice.
BF
SOM genetically targeted chronic ablation To test the sleep-wake effect of the chronic loss of BF SOM neurons, we placed bilateral injections of AAV-DTA into the BF of SOM-ires-cre,lox-L10GFP mice (BF SOM-DTA , n ϭ 11) to selectively and chronically ablate BF SOM neurons (Fig. 5 A, B) . Histological analysis of the tissue revealed a Ͼ90% bilateral reduction in BF SOM cells (GFP ϩ ) across the anatomic BF (Fig. 5C-F ) . With respect to the physiology of these mice, the chronic loss of BF SOM neurons (BF SOM-DTA ) resulted in cycles of sleep and wakefulness that were comparable to control mice (BF SOM-mCherry , n ϭ 5; same genotype as BF SOM-DTA mice; bilateral injection of AAVmCherry for viral vector injection control) in the baseline condition, with minor exceptions. The 24 h wakefulness distribution was not affected by the loss of BF SOM neurons (two-way ANOVA, F (1,14) ϭ 1.16, p ϭ 0.69; Figure 5G1 ), and, similar to control mice, BF SOM-DTA mice were more awake during the dark period compared with the light period (light-dark interaction: two-way ANOVA, F (1, 14) ϭ 153.3, p Ͻ 0.0001; Fig. 5H1 ). NREM sleep and REM sleep displayed opposite variations (Fig. 5G2,G3,H2,H3 ). However, wakefulness was significantly increased during the first 4 h of the dark period, a time of high waking drive in the mouse (87.3 Ϯ 2.6% vs 73.1 Ϯ 5.2% of wakefulness in control mice; p ϭ 0.015, unpaired t test, t ϭ 2.76, df ϭ 14; Figure 5H1 ). The wakefulness amount increases during the first 4 h of the dark period were at the expense of both NREM sleep (Fig. 5H2 ) and REM sleep (Fig. 5H3) . The increased wakefulness during the early active period in BF SOM-DTA mice resulted from a significant decrease of the short wakefulness epoch (Ͻ30 s: 3.3 Ϯ 0.9 vs 7.8 Ϯ 1.5 episodes in control mice; p Ͻ 0.0001, Bonferroni's adjustment for multiple comparisons; Fig. 6A1 ) and a significant increase of the percentage of wakefulness from long wakefulness epochs (Ͼ40 min: 88.0 Ϯ 3.2% vs 45.3 Ϯ 14.7% of wakefulness in control mice; p Ͻ 0.0001, Bonferroni's adjustment for multiple comparisons; Fig. 6B1 ). At the same time, the number of mediumlength NREM sleep episodes (1 min Ͻ NREM sleep epoch Ͻ 10 min; Fig. 6A2 ) was significantly decreased in BF SOM-DTA mice. The REM sleep epoch number was also affected (two-way ANOVA, F (1,112) ϭ 9.25, p ϭ 0.0029), and the numbers of REM sleep episode lasting 1-2.5 min were significantly decreased (0.9 Ϯ 0.3 vs 2.0 Ϯ 0.5 episodes in control mice; p Ͻ 0.05, Bonferroni's adjustment for multiple comparisons; Fig. 6A3 ).
Power spectral analysis revealed a similar power distribution in BF SOM-DTA mice compared with control mice, during the beginning of the dark period, indicating that the increase in wakefulness amount was not associated with the EEG power change. During the light period, delta band power was decreased during the waking state (26.7 Ϯ 0.8% vs 28.5 Ϯ 1.0% of total power in control mice; p Ͻ 0.05, Bonferroni's adjustment for multiple comparisons). At the same time, REM sleep theta power was significantly increased (44.5 Ϯ 1.3% vs 42.5 Ϯ 1.6% of total power in control mice; p Ͻ 0.05, Bonferroni's adjustment for multiple comparisons; Fig. 6C-D) .
Thus, beyond a decrease in cortical delta power during wakefulness and an increase in theta power during REM sleep, cortical EEG delta power was not significantly changed during NREM sleep in BF SOM-DTA mice, indicating that these neurons are not involved in NREM sleep homeostatic control.
Genotype comparisons
As previous studies using this same SOM-ires-Cre mouse line have not, to our knowledge, evaluated potential sleep-wake phenotypic differences between heterozygous and homozygous SOM-ires-cre mice, we decided to compare baseline sleep-wake and EEG between homozygous SOM-ires-Cre and heterozygous SOM-ires-Cre (i.e., SOM-ires-Cre,lox-L10GFP) mice. To enable a more direct comparison with our chemogenetic and optogenetic work, we used homozygous and heterozygous SOM-ires-Cre mice with bilateral injections of AAVs targeting BF SOM neurons (hM3Dq-AAV and hM4Di-AAV or mCherry-AAV, respectively). Baseline recordings (i.e., in the absence of CNO) revealed that homozygous SOM-ires-Cre mice exhibited significantly more NREM sleep, at the expense of wakefulness (Fig. 7B1) , during the light period than heterozygous SOM-ires-Cre mice (62.2 Ϯ 1.6% vs 54.5 Ϯ 1.2% of the light period; p Ͻ 0.01) and was associated with an increase in NREM sleep delta power (42.9 Ϯ 0.7% vs 40.7 Ϯ 1.3% of total power; p Ͻ 0.05; Fig. 7E2 ), suggesting elevated sleep pressure in the homozygous condition. Interestingly, REM sleep amount was significantly decreased during the dark period (3.0 Ϯ 0.3% vs 4.5 Ϯ 0.3% of the dark period, p Ͻ 0.05; Fig. 7D1 ) in homozygous SOM-ires-Cre mice. Given that SOM-ires-Cre mice were obtained as homozygous breeders, the introduction of another strain (lox-L10GFP) was necessary to generate the heterozygous condition, and this could account in part or fully for the noted differences. Regardless, the possibility of a hypomorphic allele cannot be definitively ruled out in the homozygous condition and hence interpretative caution using this mouse line in the homozygous state is warranted.
Discussion
Results from our targeted activation (chemogenetic and optogenetic) and inhibition (chemogenetic) studies reveal that BF SOM neurons, presumably comprising both electrophysiologically identified subpopulations (Fig. 1) , are neither sufficient nor necessary to appreciably and acutely alter the levels of behavioral or EEG wake or sleep. By contrast, our genetically driven deletion studies suggest that BF SOM neurons may influence the magnitude of waking as well as total REM sleep time during the early active period. Our data also suggest, but do not confirm, that the SOM-ires-Cre allele may be hypomorphic, biasing increased sleep in the homozygous condition. Together with previous work showing that optogenetic activation of BF SOM neurons during the inactive period (ZT4 to ZT8) increased the probability of a wake-NREM sleep transition, and that only a minority of BF SOM neurons (ϳ22% of those recorded) were NREM active (Xu et al., 2015) , we would propose a more nuanced and time-of-day-dependent role for BF SOM neurons in behavioral state control. Specifically, our data suggest that BF SOM neurons are not NREM sleep-, REM sleep-, or wake-promoting per se, but may exert, in particular during the early active period, a modest inhibitory influence on arousal circuitry, including possibly on local wake-promoting cells within the BF. While it is unclear what the functional significance of this (19 -23) , during the light, dark, and 24 h periods in BF SOM-DTA and control mouse groups (n ϭ 11 and 5 mice, respectively). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, ****p Ͻ 0.0001, two-way ANOVA followed by a post hoc Bonferroni test. C, D, Power spectrum (ϮSEM) over total power during the dark period (19 -01; C) and the light period (10 -13; D) and the power band (ϮSEM) for the delta (␦, 0.5-5 Hz), theta (, 5-9 Hz), sigma (, 9 -15 Hz), beta (␤, (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , and high-gamma (h␥, 60 -120 Hz) frequency bands in BF SOM-DTA and control mouse groups (n ϭ 8 and 5 mice, respectively). **p Ͻ 0.01, ***p Ͻ 0.001, ****p Ͻ 0.0001, two-way ANOVA followed by a post hoc Bonferroni test.
"dampening" effect of BF SOM neurons on active period waking levels might be, one possibility is that they may help fine tune the level of behavioral arousal, likely via modulation of neighboring BF cholinergic and GABAergic neurons, in accordance with situational-specific cognitive demands. To this end, BF SOM neurons directly inhibit, via the release of GABA, BF wake-promoting cells, including cholinergic cells (Xu et al., 2015) , the activity of which is strongly linked to many cognitive processes (Gielow and Zaborszky, 2017) . The time of day of this influence on wakefulness levels observed in our study would also suggest that the operative population of BF SOM neurons is wake active, and not sleep active.
The cellular BF and wakefulness Pharmacologic, lesion, stimulation, chemogenetic, and optogenetic studies have established a key role for the BF in electrocortical and behavioral arousal. For example, direct stimulation of the BF has pronounced activating effects on the cortical EEG (Berridge and Foote, 1996; Cape and Jones, 2000) , whereas lesions of the BF increase EEG delta activity, reduce wakefulness, or result in low-amplitude EEG and behavioral unresponsiveness (Buzsaki et al., 1988; Kaur et al., 2013) . Recent studies, including from our laboratory, have attempted to genetically parse the contribution of individual BF cell populations, including cholinergic, glutamatergic, and GABAergic cell groups, in these processes Kim et al., 2015; Xu et al., 2015; Yang et al., 2017) . For example, optogenetic studies of the cholinergic BF cell group have indicated that these cell groups (1) promotes both wakefulness and REM sleep or (2) just wakefulness.
In some contrast, two chemogenetic-based studies showed that acute activation of BF cholinergic neurons led to fragmentation (homozygous for the Cre allele, n ϭ 11 mice) and BF SOMcre/wt (heterozygous for the Cre allele, n ϭ 10 mice) mouse groups. B1, C1, D1, Amount (ϮSEM) of the vigilance stages during the light, dark, and 24 h baseline periods in BF SOMcre/cre compared with BF SOMcre/wt mouse groups (n ϭ 11 and 10 mice, respectively). *p Ͻ 0.05, **p Ͻ 0.01, two-way ANOVA followed by a post hoc Bonferroni test (hourly amounts and light/dark analysis) or paired t test (24 h). B2, C2, D2, Number of episode (ϮSEM) of wakefulness (W), NREM sleep (NREMS), or REM sleep (REMS) in each bout length during the light and 24 h periods in BF SOMcre/cre compared with BF SOMcre/wt mouse groups (n ϭ 11 and 10 mice, respectively). **p Ͻ 0.01, ****p Ͻ 0.0001, two-way ANOVA followed by a post hoc Bonferroni test. E1, E2 and E3, Power spectrum (ϮSEM) over total power during the dark period (19 -01) and power band (ϮSEM) for the delta (␦, 0.5-5 Hz), theta (, 5-9 Hz), sigma (, 9 -15 Hz), beta (␤, 15-30 Hz), low-gamma (l␥, 30 -60 Hz), and high-gamma (h␥, 60 -120 Hz) frequency bands, in BF SOMcre/cre compared with BF SOMcre/wt mouse groups (n ϭ 8 and 9 mice, respectively). *p Ͻ 0.05, ****p Ͻ 0.0001, two-way ANOVA followed by a post hoc Bonferroni test.
of the sleep state and suppressed lower-frequency EEG components during NREM sleep, but was not wake-promoting per se Chen et al., 2016) . With respect to the glutamatergic BF cell group, it was recently reported that optogenetic stimulation of glutamatergic BF neurons potently drove wakefulness from NREM sleep (Xu et al., 2015) . Once again in some contrast, chemogenetic activation of this same cell group had no effect on sleep latency or consolidation and produced no changes in the EMG or EEG fast frequencies, but did result in a small decrease in EEG delta power during NREM sleep, indicating a contribution to cortical desynchronization . Finally, investigations of the GABAergic BF cell population have revealed, consistently, strong high-frequency EEG-and wake-promoting responses Kim et al., 2015) . In the first of the optogenetic-based studies, the authors found that stimulation of parvalbumin-containing GABAergic BF (BF Parv ) neurons elicited cortical gamma band oscillations (GBOs; ϳ40 Hz activity), linking their activation to higher cognitive function (Kim et al., 2015) . In a second published optogenetic study, the authors found that optogenetic stimulation of BF Parv neurons elicits waking, but not GBO (Xu et al., 2015) . Finally, in a contemporaneous chemogenetic study we found that acute activation of GABAergic BF neurons (BF VGAT ) neurons potently drove wakefulness as well as high-gamma (60 -120 Hz) EEG activity . We further showed that acute inhibition of BF VGAT neurons during the early dark period, a typical time of maximal wakefulness in the mouse, resulted in a significant decrease in behavioral wakefulness, establishing the necessity of BF VGAT neurons for wakefulness maintenance . These rather monolithic waking/EEG activating responses seen following the activation of BF VGAT neurons belie the functional and anatomic complexity of the GABAergic BF cell population, namely the existence of wake-, REM-, and NREM sleep-active subgroups as well as subgroups that contain different calcium-binding proteins, such as parvalbumin, calbindin-D28k, and calretinin, or other markers, including the SOM cell group investigated in the present study (Yang et al., 2017) .
The cellular BF and sleep
Older literature has suggested that the BF may contain, in addition to wake-promoting cell populations, NREM sleep-promoting circuitry. For example, the BF contains sleep-active cells (Hassani et al., 2009; Sakai, 2011; Xu et al., 2015) , and lesions placed into the BF of the cat have been reported to increase EEG and behavioral waking, presumably secondary to the loss of NREM sleep-promoting neurons (McGinty and Sterman, 1968; Szymusiak and McGinty, 1986) . As indicated, a recent optogenetic study revealed a NREM sleep-promoting role for BF SOM neurons (Xu et al., 2015) , suggesting the cellular basis for these wake-promoting lesions. This finding is, however, difficult to reconcile with the outcomes from our activation, inhibition, and lesion experiments, which were inconsistent with BF SOM neurons promoting NREM sleep per se. In fact, the results of our chemogenetic studies, which used the same vector system and construct as used in our previous studies to activate BF VGAT , lateral hypothalamic VGAT ϩ (Venner et al., 2016) , and supramammillary or parafacial VGAT ϩ (Anaclet et al., 2014 (Anaclet et al., , 2018 neurons (potently driving wakefulness or sleep), were acutely underwhelming in this regard. While these disparate outcomes could link to some unrecognized technical difference, we feel that a critical reassessment of the articles using lesions cited in support of the concept that the BF contains NREM sleep-promoting circuitry may be particular revealing. Specifically, a review of the lesion maps shown in these articles suggest that the lesions themselves may have included, in part or entirety, the ventrolateral preoptic nucleus (VLPO). The VLPO comprises a major NREM sleep-promoting cell population within the preoptic forebrain (Sherin et al., 1996; Lu et al., 2000) , and in the cat the VLPO is located laterally adjacent to the BF (Gaus et al., 2002) , and hence, far more lateral from the midline than in the rodent. At the time that these lesion studies were published the VLPO had not yet been identified, and as such the authors of the articles had no a priori reason to assume that the lesions might have encroached upon this NREM sleep-promoting cell group. Hence, and until shown otherwise, we feel that a more parsimonious explanation for the increased wakefulness observed in the BF-lesioned cats is unintended ablation of the NREM sleep-promoting VLPO, and not disruption/ablation of a resident NREM sleep-promoting cell group (but see limitations below).
Limitations
Two technical points must be considered when interpreting our data. First, in light of the revealed electrophysiological heterogeneity in the present study and the variable state-dependent activity of BF SOM neurons demonstrated by another group (Xu et al., 2015) , it is possible, if not likely, that different subpopulations of BF SOM neurons subserve different aspects of behavioral state control. As these putative subsets of BF SOM neurons have not, to our knowledge, been molecularly defined, the ability to selectively target BF SOM subpopulations is constrained. Hence, the changes observed in our measured response variables reflect presumptive concurrent manipulation of all BF SOM subpopulations, and we therefore cannot rule out the possibility that, for example, the manipulation of one subpopulation may antagonize the activity of the other subpopulations. What is clear from our experimental work is that the influence of BF SOM on wakefulness, NREM sleep, and REM sleep, both in the acute and chronic conditions, are modest across interrogations and likely dependent on time of day.
The second consideration is that while the SOM-ires-Cre was designed as a 3Ј knockin, our comparison of the heterozygous versus homozygous condition suggests that it may be a hypomorphic allele. While we could not definitely conclude this on the basis of our comparison, which included the introduction of a different strain of mouse, we did find that homozygous SOM-cre mice exhibited slightly more NREM sleep during the light period and across the 24 h day than heterozygous SOM-cre mice. The increase in NREM sleep in the homozygous condition was largely attributable to an increase in the number of 2.5-5 min NREM sleep episodes. Thus, on the one hand, the increases in total NREM sleep and 2.5-5 min NREM sleep episodes would actually suggest, in the context of a hypomorphic allele, that SOM-cre neurons are modestly wakefulness promoting, and not sleep promoting. On the other hand, our acute activation and inhibition studies would suggest that the modulation of BF SOM neurons is not sufficient to appreciably or acutely alter sleep or wakefulness, whereas our ablation studies suggest that BF SOM neurons may exert a modest inhibitory influence on waking during the early active period, an effect that is likely mediated by GABA release since this effect on waking was not observed in the nonablated, homozygous mice in which GABA production and release is unlikely affected. Additionally, our in vitro data, together with previous optrode data ( Xu et al., 2015) , suggest considerable heterogeneity in the BF SOM population, which would be consistent with the diversity of modest influences that these neurons appear to exert on behavioral states.
Conclusions
Our experimental outcomes suggest a modest and time-of-daydependent influence of BF SOM neurons on behavioral state and are generally inconsistent with the idea that this cell population is NREM sleep promoting, as was previously proposed. Together with previous work on the cellular BF, the findings from the present study not only emphasize strong functional heterogeneity across BF VGAT subgroups, but also point to BF Parv neurons as being uniquely wake promoting among the subgroups of BF VGAT cell populations thus far tested. Also, our lesion findings in particular suggest the interesting possibility that impairment of BF SOM neurons may contribute, at least in part, to hyperarousal phenotypes (e.g., hyperarousal of post-traumatic stress disorder). Future studies interrogating other BF VGAT subgroups as well as defining the circuit basis by which they regulate behavioral states are eagerly awaited.
